INTRODUCTION
Gram-negative bacteria have evolved several means by which to communicate with each other and sense specific signals in their environment. These adaptations have manifested as the assembly of several diverse secretion pathways to deliver proteins into the extracellular medium, as well as directly into the cytoplasm of targeted host cells. Proteins destined for secretion are first synthesized in the cytoplasm and then must be transported across both the inner membrane (IM) and the outer membrane (OM). Several different translocation pathways have been identified in Gram-negative bacteria that either directly deliver proteins from the cytosol to its extracellular target (one step) or via a periplasmic intermediate (two step). Thus far, types I, III, IV, and VI have been shown to utilize a one-step process, releasing the protein into the extracellular medium or host, whereas types II and V are a two-step process (Tseng et al., 2009) .
In two-step processes, proteins are first translocated into the periplasm via the general secretory (sec-system) (Driessen et al., 1998) or tat (the twin arginine translocation) systems (Berks et al., 2000; Weiner et al., 1998) . The type II system is often referred to as the main terminal branch of the sec-dependent or general secretion pathway. This terminal OM transport mechanism has been found in a number of bacteria, such as the PulDS system in Klebsiella oxytoca for the transport of pullulanase (PulA) (d 'Enfert et al., 1987; Nouwen et al., 1999) , ''Out'' in Erwinia chrysanthemi for pectinase (He et al., 1991) , XcpQ in Pseudomonas aeruginosa for lipase (Filloux et al., 1998) , and PilQ in Neisseria meningitides for pilin (Collins et al., 2003) . PulDS forms a double layer ring topology in the OM, each layer consisting of 12 subunits of PulD surrounded by 12 PulS (Nouwen et al., 1999) . The type V system includes the autotransporter family (AT or type Va), the two-partner secretion pathway (TPS or type Vb), and the oligomeric coiled-coiled adhesin system (Oca or type Vc) (Leo et al., 2012) . In each case the sec-system relays both the secreted product and the transporter to the periplasm. For AT secretion, the secreted protein and the transporter are the same gene product, whereas for the TPS pathway they are separate proteins whose genes are usually under the regulation of the same promoter. Similar to porins, the transporter forms a b-barrel structure in the OM for passage of substrates through the interior lumen (TPS) or via a central pore formed at the interface of trimeric oligomers (Oca). The exact details of type V secretion are still unclear, but there is evidence that a separate protein, BamA, participates in translocation of the passenger domain (Ieva et al., 2011) .
YebF is a 13 kD protein of unknown function encoded by the yebGFE operon. We have previously reported that recombinant YebF is secreted by laboratory strains of E. coli into the extracellular medium after first being translocated into the periplasm and cleaved to a 10.8 kD mature form by the sec-system (Zhang et al., 2006) . YebF was secreted into the growth media using both high (pT7-5) and low copy number plasmids (pACYC184), whereas other recombinant proteins targeted to the periplasm remained within the bacteria, importantly demonstrating that secretion was not simply an artifact of overexpression or high protein production levels (Zhang et al., 2006) . Although YebF secretion is likely a two-step process, no general type II OM transporter has been found in E. coli. pulD and pulS homologs (gspD and gspS) are present but silenced (Francetic et al., 2000) , and indeed deletion of gspD does not block YebF secretion (Zhang et al., 2006) . Type V secretion has been reported in E. coli (Choi and Bernstein, 2010; Kjaergaard et al., 2002) , but YebF lacks the requisite TPS signaling domain (Clantin et al., 2007) . Intriguingly, we found that YebF could act as a carrier for the extracellular secretion of C-terminally fused proteins of various functions, an activity that has been utilized with success by others (Fisher et al., 2011) . Proteins of various enzymatic activities and sizes ranging from 15 to 48 kD have been shown to be readily secreted into the growth media via fusion with YebF (Zhang et al., 2006) and more recently N-glycosylated protein domains (Fisher et al., 2011) . Together, this suggests that YebF is subject to a unique OM secretion process in E. coli, a hypothesis we probe here using a combined genetic, structural, and biochemical approach.
RESULTS

YebF Secretion Requires OmpF
Potential OM binding and secretion partners for YebF were probed using the Keio collection, a library of E. coli K-12 strains containing precisely defined, in-frame single gene deletions (Baba et al., 2006) . Several strains were transformed with the plasmid pYebFH 6 /MS (Zhang et al., 2006) , cells cultured, and his-tagged YebF protein production induced. All experiments focused on the appearance of YebF in the medium during the first 4 hr after induction (Zhang et al., 2006) . These experiments found that deletion of the ompF gene severely reduced YebF secretion ( Figure 1A ), with only a small amount of YebF observed in the media compared to strains with deletions of other conserved OM proteins (Wza [Dong et al., 2006] , OmpA, FhuA, PhoE, and LamB [Koebnik et al., 2000] ) ( Figures 1A and 1B) . Additionally, the ompF gene, when added in trans to DompF cells, was able to reconstitute YebF secretion ( Figure S1 available online). Similarly, we found that deletion of the gene for the protein OmpC (DompC), which shares 59% identity with OmpF, also displayed reduced secretion (Figure 1A ). We did note that different gene deletions of OM proteins result in varied levels of YebF protein production. This variation correlates to the growth of each deletion strain but not to relative secretion levels (as judged from a comparison of protein levels in cells and in the media in Figures 1A and 1B) (Zhang et al., 2006) .
OmpF is an OM porin that extracellular protein toxins, such as colicin E3, utilize to enter the periplasm (Kleanthous, 2010) . Toxin Structure YebF Dynamics Are Required for Secretion by OmpF binding has been shown to block ion flux through OmpF channels that have been reconstituted into planar lipid bilayers (Yamashita et al., 2008) . We have used a similar approach to determine if YebF can also directly interact with OmpF. Guided by the observation that colicins typically require an additional protein receptor for entry by OmpF (Zakharov et al., 2004) , OmpF-enriched OM extracts were used for our YebF analysis. OmpF is one of the most abundant proteins in the OM (Nikaido, 2003; Yamashita et al., 2008) , in agreement with the extracts used in our studies ( Figure S2A ). However, to verify that the observed ion flux was due to OmpF, control single channel conductance measurements were taken and compared to known values obtained with purified OmpF (Zakharov et al., 2004) . The OM extracts were added to one side of a two-compartment chamber, with each chamber containing the same buffer. OmpF or OmpC, and other OM components, were then allowed to incorporate into a preapplied lipid membrane covering an aperture, which separates the two chambers. After incorporation, conductance was measured with the application of voltage across the two chambers (see Experimental Procedures). These yielded 1,950 ± 335 pS for OmpF extracts and 675 ± 150 pS for OmpC extracts (n = 4), indicating that these channels are Figure S2 .
primarily in the open state across a membrane potential range of À100 to 100 mV, in line with the conductance observed for purified OmpF (Zakharov et al., 2004) .
As illustrated in Figure 1C , the addition of YebF induced the closing of OmpF channels, whereas buffer controls or his-tagged protein controls had little effect ( Figure S2B ). The occlusion was notably stepwise (accompanied by current flickering) and occurred at both negative and positive potentials. Reversing the polarity of the membrane potential transiently opened the channel, which subsequently closed in a stepwise manner ( Figure 1C ). The observed behavior of OmpF in response to YebF suggests a reversible and possibly transient interaction. We also noted that the occlusion of the OmpF channel occurred only when YebF was added from the cisside of the lipid bilayer, the same side of addition as for OmpF. That is, both YebF and the OM extract were added to the same chamber. This is the opposite of similar experiments with colicin E3, where extracellular toxin added from the trans-side relative to OmpF was necessary in order to observe channel occlusion (Zakharov et al., 2004) . Additionally, YebF added from the cis-side of the lipid bilayer was also able to efficiently occlude OmpC channels extracted from DompF cells ( Figure 1D ). However, unlike the results with OmpF, current reversal did not open the OmpC pore ( Figure 1D ).
OmpX Participates in YebF Secretion
As crude OmpF and OmpC extracts were used in planar lipid bilayer experiments, additional proteins present in the extracts may also be involved in YebF export. We used C-terminally his-tagged YebF in a pulldown experiment with OM extracts to probe for binding partners, which yielded several polypeptides as visualized by SDS-PAGE (Figure 2A ). Bands were excised 
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YebF Dynamics Are Required for Secretion by OmpF from the gel and identified by MALDI-TOF mass-spectrometry. Bands M and S were identified as OmpX, with the difference in gel mobility reflecting both native and denatured species at $17 and $15 kD as observed previously (Pautsch et al., 1999) . The band marked Porin in Figure 2A represents OmpF/C, and band L is rotamase (SlyD), which is likely present because of its known nonspecific binding to nickel-NTA beads (BolanosGarcia and Davies, 2006) .
To investigate if OmpX plays a role in YebF secretion, a DompX deletion strain was used to assay for YebF translocation into the growth medium as was done for DompF strains ( Figure 2B ). Compared to controls ( Figure 1B ), YebF secretion was severely reduced ( Figure 2B ). The DompX strain was also examined in planar lipid bilayer experiments. The crude OmpF/C extracted from the DompX strains was able to form channels with a conductance of 958 ± 237 pS (n = 3), but the addition of YebF had no effect ( Figure 2C ). We note that this observation also serves as a control, showing the incorporated his-tag of the YebF construct itself does not interact with or mediate effects on OmpF/C.
To probe further for direct interactions between YebF and OmpX or the OmpF/C porins, pulldown binding experiments were carried out using C-terminally his-tagged YebF and OM preparations from DompF, DompC, and DompX deletion strains. These were visualized by SDS-PAGE with the band intensity of the porins quantified and listed above each lane ( Figure 2D ). In control experiments lacking YebF, only a residual amount of OmpF/C was observed in the gel. Similarly, little OmpF/C was detected in a pulldown with YebF and a DompX OM preparation. However, in experiments using OM extracts in the presence of OmpX, a $40-to 100-fold increase of OmpF/C was observed relative to that in DompX as determined from the band integrations.
YebF Structure
Colicins E3 and E9 exhibit conserved structural features critical to their OmpF-mediated import (Kleanthous, 2010) , thus we wished to understand those structural features of YebF that might similarly direct protein export. The nuclear magnetic resonance (NMR) spectroscopically derived structural ensemble of YebF consists of an ordered core of 47 residues (P33-Q52, V75-P90, V104-E114) that fold into a compact domain stabilized by a single disulfide bond (residues C35-C108). The core consists of a 4-turn a-helix (a1) packed against four antiparallel b strands and a single turn of 3 10 helix ( Figures 3A and 3D ). These secondary structural elements form an a-b structure that resembles members of the cystatin protein family as exemplified by a search of the Protein Data Bank using the Dali Server search engine (Holm and Rosenströ m, 2010) . The results show that the YebF core resembles the colicin M Immunity protein (Cmi), the top search hit with a Z-score of 4.5 and rmsd of 2.5 Å on 50 common Ca atoms ( Figure 3C ). YebF also shows modest sequence similarity (25% identity) to Cmi. Unlike YebF, however, Cmi remains tethered by its N terminus to the periplasmic face of the inner membrane, where it protects the bacteria by binding the toxin, colicin M (Gé rard et al., 2011). We observe that relative to YebF, Cmi has a 5-residue N-terminal deletion and an internal insert of three residues. This creates a change in register, resulting in a structural insertion (Cmi Insertion) in the core at residues 77-84 ( Figures 3C and 3D ) and a shift in the position of the disulfide in Cmi (relative to YebF) by $8 Å , with a rotation of $90
. We also note that the YebF core shares sequence identity (19%) and structural similarity with the functionally uncharacterized YpmB protein from B. subtilis (2gu3 PDB identifier [Emanuelsson et al., 2007] ). YpmB appears to be comprised of two fused YebF-like cores and contains a similar cleavable signal sequence.
Protruding from the YebF core are regions of high rmsd values in our structural ensemble, including the N-terminal segment (residues A22-F32), two extended loops (Q53-W74 and L91-Q103), and the C terminus (Y115-R118) (Figures 3A, 3B, and 3D). The structural variability in these regions results from conformational mobility (Figure 4) , which precluded the measurement of NOE distance restraints. The resulting overall architecture of the YebF NMR ensemble is a tightly packed core (rmsd backbone atoms 0.28 ± 0.07 Å ) that projects a dynamic surface ( Figure 3B ; Table 1 ).
YebF Dynamics
As shown in Figure 4A , the 15 N-HSQC spectra of YebF yielded too few peaks to represent the entire backbone of the construct. Of 96 expected crosspeaks only 57 were assigned by heteronuclear NMR experiments recorded at 25 C. To address the possibility of protein cleavage as a cause, purified YebF was examined by gel electrophoresis, mass spectrometry, and dynamic light scattering ( Figures S3B and S3C) . In all cases, the observed mass of YebF was consistent with the predicted value of 11.8 kD, which includes the affinity tag (Zhang et al., 2006) . This clearly shows that the missing NMR signals were not due to subsequent processing of these regions during protein production and purification. Furthermore, dynamic light scattering also demonstrated that YebF is monomeric in solution ( Figure S3C ), thus arguing against line-broadening effects due to self-association. Next, 15 N-HSQC spectra of YebF were recorded as a function of pH and temperature (Figures S3D and 4A) . Changes in pH had little effect on the spectra, indicating that the absence of signals was not due to rapid hydrogen exchange. Indeed, the N-terminal residues of YebF, which are disordered and mobile on the sub-nsec timescale as evidenced by heteronuclear 15 N NOE measurements ( Figure S4A ), gave (C) Alignment between YebF (blue) and Cmi (magenta) generated by the Dali server. The relative boundaries of key structural features are labeled by a gray sphere showing the residue position. The disulfide bond in each structure is colored in orange.
(D) Sequence alignment of YebF from six species and Cmi. Secondary structure for E. coli YebF is indicated by a cartoon above the alignment and below the alignment for Cmi. The corresponding sec-signal region and cleavage point are indicated by a dashed line and a yellow triangle. Increasing residue conservation is indicated by color from yellow to red. The disulfide is identified with an orange circle, residues that showed conformational exchange by a purple diamond, and unassigned segments outlined in black. Graphics were generated using either Pymol (DeLano, 2002) or Molmol (Koradi et al., 1996) . Sequence alignment was performed using ClustalW and annotated using Aline (Bond and Schü ttelkopf, 2009 ). See also Figure S3 .
readily detectable signals despite the lack of protection from exchange with water. In contrast, increasing the temperature from 25 C to 35 C resulted in the appearance of additional peaks and enhanced the signal of others ( Figure 4A ). This allowed for the assignment of chemical shifts of an additional ten residues corresponding to the high rmsd regions of the structural ensemble.
The line-broadening effects observed in a 15 N-HSQC suggested that several amides in YebF may be experiencing conformational exchange on a msec-msec timescale. Such observations are common in proteins that are flexible and undergo movements crucial for their biological function (Traaseth and Veglia, 2010) . To test this assertion,
15
N CPMG (Carr-PurcellMeiboom-Gill) relaxation dispersion spectra were collected ( Figures 4B and S4B) . Strikingly, signals from 17 residues showed dispersion curves with DR 2 > 4 Hz, where (DR 2 = DR 2eff at n CPMG = 50 Hz vs. n CPMG = 1,000 Hz), confirming conformational exchange broadening.
The residues of YebF undergoing msec-msec timescale conformational exchange are primarily confined to two regions, denoted as dynamic loop1 between a1 and a2 (residues Q53-W74) and dynamic loop2 between b3 and b5 (residues L91-Q103) ( Figures 3B and 3D ). The YebF core restrains these regions so as to face the same side of the molecule creating a surface that is in a state of conformational exchange ( Figures  3B and 4) . Possible insights into the nature of this exchange can be obtained through bioinformatic analyses and structure comparisons. DISOPRED2 (Ward et al., 2004) suggests that, unlike the terminal regions of YebF, these residues are not intrinsically disordered ( Figures S3A and S4A ) and the Jpred secondary structural analysis server (Cole et al., 2008) , predicts that dynamic loop1 adopts a helical-fold, similar to that observed in Cmi (Figures 3C and 3D) . Collectively, however, our data implies that these dynamic regions only transiently adopt such defined conformations (Figures 4 and S4 ).
YebF Is a Molecule of Opposing Electrostatic Surfaces
Further characterization of YebF with APBS (Adaptive PoissonBoltzmann Solver) (Dolinsky et al., 2007) shows two surfaces of opposite charge, one encompassing the outer antiparallel b sheet face of the YebF core domain being predominately electronegative (red; Figure 5B ) and the second encompassing the a1-helix face and the dynamic loops largely electropositive (blue; Figure 5A ). Although striking, we note that the high rmsd conformation of dynamic loops 1 and 2 in the ensemble average contains no restraints, and thus the precise conformations where T is the constant time delay of 40 msec, In (CPMG) is the intensity at a given n (CPMG) value, and I 0 is the intensity of the reference spectrum. See also Figures S3 and S4 . Sequential (ji À jj = 1) 362
Medium range (ji À jj < 5) 223
Long range (ji À jj > 5) 364
Hydrogen bonds 22
Disulfide C35-C108 6
Dihedral bond restraints (f, c) Calculated by Procheck (Laskowski et al., 1993) . For YebF core (residues 33-52, 75-90, and 104-114) using CYANA (Herrmann et al., 2002) .
of amino acids in these regions are not well determined. Regardless, the presence of several conserved positively charged residues in this region as illustrated by the sequence ( Figure 3D ) and the ABPS server ( Figure 5) show that the overall effect of the observed YebF architecture is the creation of two distinct halves of the molecule with opposing electrostatic properties.
The Dynamic Surface of YebF Participates in Secretion Analysis of YebF with the Consurf server (Ashkenazy et al., 2010) and PSI-blast (Altschul et al., 1997) demonstrate that it is not the structured core but rather the dynamic surface that is the conserved region of the molecule (Figure 6 ). The bioinformatic data indicate that YebF proteins are widely present in Enterobacteriaceae and the elements of highest conservation map to dynamic loop1 and loop2 (Figures 3 and 6 ). In contrast, the cystatin-like core of the YebF protein is divergent between species, except for the disulfide bond and those hydrophobic residues necessary for the correct packing of the fold. Of additional note is the conserved K/R at position 28 in the disordered N terminus of YebF and the high conservation of lysine and arginine residues in the dynamic regions.
To probe these elements for a potential role in secretion, several variant constructs were engineered in both the YebF core and the dynamic surface. Residues selected for substitution to alanine were chosen based on surface exposure, conservation, and dynamic behavior observed by NMR (Figures 3, 4, 6 , and 7). The secretion activity of each variant was assayed by western blot with an anti-his-tag antibody at 6 hr postinduction ( Figures 7A and 7B ). Secretion was measured by comparing the ratio of YebF protein observed in the media relative to pellet to account for differences in protein production levels. These were then normalized against the wild-type ratio (100%) in each replicate to control for differences in blot exposure (Figure 7F ). Substitutions to alanine in the YebF core (Q78+D79, D85+K86) were secreted efficiently (media), whereas the disulfide variants (C35 and C108) resulted in no detectable secretion although protein production was observed ( Figures 7A and 7F ). As shown in Figures 7B and 7F , two dynamic surface variants showed attenuated secretion relative to wild-type. The first (R58+W59+D62) showed both a lower level of YebF in the cell pellet and media, with a $90% reduction in secretion. The second secretion variant (K64+V66+T92) was expressed at levels close to wild-type (pellet) but showed a reduced level in the media at 6 hr postinduction indicating an $80% reduction in secretion ( Figures 7B and 7F ). To further validate this variant, secretion was also assessed at 20 hr postinduction, which showed an even greater loss of secretion ( Figure 7C ). This was especially interesting as this variant consisted of substitutions in both dynamic loop regions, which individually had no effect on secretion ( Figures 7B, 7C, and 7F) .
As a loss of stability could contribute to the observed lowered levels of secretion, the YebF variants were assayed by gelfiltration to assess for potential global misfolding or aggregation. Figure 7D displays the gel-filtration profile of the partially purified secretion variant (R58+W59+D62) as visualized by western blot. This variant runs close to the expected elution volume observed for wild-type YebF ( Figures S3C and 7E) , indicating properly folded material. The second secretion variant (K64+V66+T92) could be purified (inset) and displayed the same gel-filtration elution profile as wild-type ( Figure 7E ), without any aggregate material running in the void volume of the column ($8 mL). Furthermore, an overlay of a 15 N-HSQC of this secretion variant with wild-type taken at 35 C shows no loss of structure or the appearance of aggregate peaks with the disulfide still properly formed (C35 and C108 chemical shifts), indicating that its stability was not compromised ( Figure S5A) . Additionally, the variant isolated from both the cell pellet and media were subjected to analysis by MALDI-TOF, showing that both were properly cleaved and processed by the sec-system ( Figure S5B ). Unfortunately for the disulfide variants (C35 and C108), difficulty in purifying the resultant proteins to high levels of homogeneity did not allow for a similar analysis, and thus we were unable to rule out loss of stability as a possible cause of the reduced secretion observed for those variants.
DISCUSSION
Protein secretion is a critical physiological event in bacteria. It is involved in a wide variety of essential functions, including the formation of flagella, release of toxins, adhesion for host cell attachment, and the formation of biofilms. It is generally believed that protein export to the external environment in E. coli is limited to pathogenic strains (Yen et al., 2002) . Interestingly, we have found that the protein YebF encoded by both pathogenic and nonpathogenic strains of E. coli and other enterobacteria is destined to the extracellular medium (Zhang et al., 2006 ). YebF 
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YebF Dynamics Are Required for Secretion by OmpF bears a sec-leader sequence and is therefore expected to be secreted by a two-step process. The first step requires the general secretory system for passage of YebF across the IM into the periplasm, followed by a second step of OM translocation to the extracellular space. As no universally conserved OM translocation machinery in E. coli has been previously identified, we have used genetic, biochemical, and biophysical techniques to characterize molecular aspects of the apparently unique OM translocation of YebF. Collectively, our data reveal several interesting molecular features, including the requirement for specific OM porins, in YebF protein export.
Using E. coli gene deletion strains and gene complementation experiments, we have identified the OM porin OmpF as a required element for YebF secretion ( Figures 1A and S1 ). Additionally, we found that the closely related OM porin OmpC, which can form heterotrimers with OmpF (Gehring and Nikaido, 1989) , is also involved in YebF secretion but is not essential ( Figure 1A ). This suggests that OmpC may play an accessory role, possibly to enhance the interaction of YebF to heterotrimers consisting of both OmpF and OmpC.
OmpF and OmpC are maintained at constant levels in the bacterial OM, forming an electronegative channel that acts as a size-selective filter for small soluble metabolites (Nikaido, 2003) , as well as playing a direct role in the uptake of large toxin proteins (colicins) into the cell (Kleanthous, 2010) . To further explore the roles of OmpF/C in YebF secretion, we tested the effects of YebF on these channels in planar lipid bilayer experiments. In our experiments, we initially used crude OM extracts that were enriched for either OmpF (DompC) or OmpC (DompF), allowing for the presence of additional protein or lipid components that might be required for YebF secretion. Similar to analogous studies with colicin toxins (Zakharov et al., 2004) , the addition of YebF blocked conductance for OmpF channels ( Figures 1C and 1D ). Furthermore, YebF exhibited different binding properties for OmpF (transient) and OmpC (stable). In contrast to the colicin E3 and E9 studies, however, where trans-side addition was required, we found that only cis-side addition of YebF relative to OmpF/C could block the porin channel. From this we conclude that YebF interacts with OmpF/C at the periplasmic face of the membrane, rather than the extracellular face as proposed for the imported colicin toxins (Zakharov et al., 2004) . Additionally, this data provides the suggestion that similar to colicins (Housden et al., 2010) YebF may also insert into the lumen of OmpF.
To probe for additional proteins involved in YebF secretion, we performed pulldown assays using purified YebF and E. coli extracts. Here, we were able to identify OmpX as a potential YebF binding partner (Figure 2A ), one that was not only required for secretion ( Figure 2B ) but was necessary to observe both the occlusion of OmpF/C channels in planar lipid bilayer analysis ( Figure 2C ) and for YebF to bind OmpF/C in pulldown assays (Figure 2D) . Our data show that OmpX is required for YebF secretion and is thus a component of the YebF protein export pathway.
OmpX is a 17 kD b-barrel OM protein that functions in host cell adhesion . Although there is no reported interaction between OmpF and OmpX, environmental stress results in increased production of both of these membrane spanning proteins, supporting the possibility of an association (Dupont et al., 2007) . Given this and our data, we believe that OmpX may help target and load YebF onto OmpF/C. Moreover, this behavior is remarkably similar to colicins E3 and E9, which before OmpF-mediated translocation into the periplasm, binds the protein BtuB on the extracellular surface of the bacterial membrane (Kleanthous, 2010) . Although an appealing analogy, additional study is needed to explore the nature of the interaction between YebF and OmpX.
Given specific structural features of colicin toxins appear critical for their porin-mediated uptake (Kleanthous, 2010), we explored for the presence of inherent structural elements in YebF that may play a role in their porin-mediated export. We determined the NMR-derived solution structure of YebF (Figure 3) , revealing both an ordered core and an extensive dynamic surface formed by two regions, dynamic loop1 (residues 53-74) and dynamic loop2 (residues 91-103). The YebF core is stabilized by a disulfide and resembles the cystatin family, a common fold for both bacterial and eukaryotic proteins of various functions (Figure 3) . YebF is known to interact with members of the Dsb (disulfide bond) machinery, and strikingly deletion of DsbC results in a significant reduction in protein levels of only four periplasmic proteins in E. coli: MepA, End1, Ivy, and YebF (Vertommen et al., 2008) . The function of DsbC is disulfide isomerization, in part to correct mis-oxidation by the primary disulfide oxidase DsbA in the periplasm (Inaba, 2009 ). This agrees with our alanine substitution data of the C35 and C108 disulfide in YebF that results in lowered production and secretion ( Figure 7A ), suggesting that isomerization of the disulfide may be a regulatory factor in YebF secretion.
Close to half (42%) of YebF is observed to be dynamic in solution, and almost a third of the expected resonances from amide groups were not observed in a 15 N-HSQC experiment.
Mass spectrometry and heteronuclear 15 N NOE measurements confirmed that the protein was intact and that only the N-terminal residues were disordered and flexible on a fast, sub-nsec timescale ( Figures S3B and S4A ). In contrast, relaxation dispersion experiments indicated that the missing signals resulted from severe conformational exchange broadening (Figures 4 and  S4B ). This demonstrates that the dynamic loop regions of YebF undergo movements on the msec-msec timescale. Additionally, the NMR ensemble confines the dynamic residues to the same region of the protein forming a flexible surface, which we believe to be sampling different conformations. Compounding this observation are the striking electrostatic properties of YebF ( Figure 5 ), which demonstrate that dynamic loop1 and dynamic loop2 constitute a region of net positive potential relative to the negatively charged cystatin core. Taken together, we observe that YebF is a molecule of opposing surfaces, one flexible and basic, the other ordered and acidic. Given the precedent for protein flexibility as a means for biological partner recognition (Dyson and Wright, 2005) , the conserved dynamic surface of YebF (Figure 6 ) may be important to both its secretion as well as to mediate additional functions postsecretion. This is supported by our observations that structure-based amino acid substitutions within these dynamic regions severely reduced levels of YebF secretion (Figure 7) . Furthermore, our planar lipid bilayer experiments suggest that YebF recognizes the periplasmic surface of OmpF/C, an observation that is reinforced by the calculated electropositive nature of the dynamic regions of YebF ( Figure 5 ) and the complementary electronegative periplasmic face of OmpF/C ( Figure S6 ). This analysis demonstrates that the dynamic properties of YebF are functionally important and perhaps aid in secretion by facilitating a largely electrostatic interaction with the OM proteins.
Taking the total of our data into account, it is tempting to speculate that the secretion of YebF functions similarly to that of the colicin toxins albeit in reverse. In this model, after translocation into the periplasim YebF is targeted to the bacterial OM by recognizing OmpX. OmpX mediates YebF binding to OmpF/C heterotrimers, where it is loaded onto OmpC at its electronegative periplasmic face, facilitated by the conserved electropositive dynamic surface of YebF. Our planar lipid bilayer data suggests that a region of YebF may enter the OmpF lumen, as has been demonstrated for the disordered N-terminal 83 amino acids of colicin E3 (Yamashita et al., 2008) and colicin E9 (Housden et al., 2010) . We have shown previously that large proteins can be fused to the C terminus of YebF and still be secreted (Zhang et al., 2006) . This implies that the observed disordered N terminus of YebF would first be threaded through the lumen of an OmpF monomer followed by the subsequent unfolding and linearization of YebF and added fusion partners for passage through OmpF. In this case, the observed electrostatics suggest that YebF may mimic colicin E9 (Housden et al., 2010) , which uses segments of alternating positive and negative charge to pass through OmpF. Upon secretion, YebF would presumably refold in the extracellular space. Although an attractive model, to fully linearize, the YebF disulfide must either be prevented from forming or be broken. If we consider that DsbC is required for YebF processing (Vertommen et al., 2008) , as well as our mutation data and the observed structural differences of the YebF disulfide relative to its closest periplasmic structural homolog, we believe that manipulation of the YebF disulfide is central to the porin-mediated secretion mechanism. Knowing that YebF disulfides can be trapped in the periplasim (Vertommen et al., 2008) , we speculate that DsbC may isomerize the YebF disulfide as part of the secretion mechanism.
Although we have elucidated several components involved in YebF protein export, the complete molecular picture of this process will require additional study. The precise role of the Dsb system in YebF secretion warrants exploration, as does the search for possible additional factors such as the role of OM lipids. Even though our data supports this potential model of secretion, it does not preclude an alternative model, where YebF uses OmpF or OmpC to localize to the OM, with ultimate translocation mediated by another means such as BamA (Ieva et al., 2011) or another OM protein. Even so, it is clear that the export pathway of YebF appears distinct from currently characterized protein secretion systems and also provides insight for the optimization of protein production using YebF fusions.
EXPERIMENTAL PROCEDURES Growth Conditions for Protein Production in Deletion Strains
The plasmid pYebFH 6 /MS (Zhang et al., 2006) was introduced into deletion strains (see Supplemental Experimental Procedures). Cells from a frozen stock or single colony from a plate were grown overnight at 30 C in 2 ml of Lysogeny broth plus 40 mg of kanamycin/l and 100 mg of ampicillin/l. The culture (1 ml) was spun down and then suspended in 1 ml of fresh terrific broth (TB) for inoculation. A cell suspension of 0.1 ml was inoculated into 10 ml of TB plus ampicillin at the above concentration without kanamycin. IPTG (0.05 mM) was added 3 hr after inoculation to induce the production of YebF-His 6 . Cells and the medium were harvested at the indicated times.
Preparation of Outer Membrane Proteins
E. coli cells (DompC, DompF, or DompX) grown overnight in 2 l of TB plus kanamycin were harvested, washed with 100 ml of 20 mM Tris-HCl (pH 8.0), and disrupted by Emulsiflex. Cells were centrifuged at 8,000 rpm for 30 min at 4 C, and the resulting supernatant was centrifuged again at 40,000 rpm for 60 min to collect cell membranes. The membrane pellet was washed
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YebF Dynamics Are Required for Secretion by OmpF with 50 ml buffer. Extraction of OM proteins was based on previous protocols, see Supplemental Experimental Procedures (Yamashita et al., 2008) .
Sample Preparation for SDS-PAGE and Blotting from Deletion Strains Cells were grown as described above, and the harvested media was treated to remove any remaining cells after centrifugation by passage through a 0.22 mm Millipore filter. Proteins in the medium were precipitated by 5% TCA and washed with 20% cold acetone. The final pellet was resuspended in buffer as described previously (Zhang et al., 2006) and run on 12% SDS-PAGE gels. The cell fractions were loaded at equal volumes from each culture. For western blotting, polyclonal rabbit antibody against native YebF protein, kindly provided by Athena ES (Baltimore, MD, USA), was used. The antiserum (1 ml) was diluted in 35 ml of Tris-buffered saline/Tween (TBST) plus 2% skimmed milk for one blot. The blot was incubated for 3 hr with the primary antibody followed by goat-anti-rabbit secondary antibody. Immunoblots were developed by enhanced chemiluminescence using the ECL kit (GE Healthcare, Waukesha, WI, USA).
Pulldown of Outer Membrane Proteins by YebF
Charged Ni-NTA beads were washed six times with buffer (20 mM Tris-HCl, 35% sucrose, 20 mM imidazole, and 50 mM NaCl) plus 0.5% a-OG (Anatrace). A 1.2 ml pulldown reaction contained 150 ml (270 mg total protein) of OM extract and 10 ml of 23.5 mg/ml of YebF-His 6 . In controls, YebF was replaced by 10 ml of water. The mixture was incubated for 60 min at room temperature while rotating, followed by addition of 50 ml of Ni-NTA beads and another 30 min incubation. The beads were collected by centrifugation at 6,000 rpm for 1 min and washed six times with 1 ml of buffer, plus 0.2% a-OG. The supernatent was removed and proteins dissociated from the beads with 50 ml of 1x SDS-PAGE loading buffer containing 1% SDS and 5 mM DTT. The resulting samples were heated at 50 C for 10 min and 20 ml loaded on 12% SDS PAGE and visualized with Coomassie blue. The density of protein bands was measured using ImageQuant software (GE Healthcare).
Planar Lipid Bilayer Preparation and Single Channel Recording
A lipid cocktail of POPE:POPS:POPC (5:3:2, v/v/v) (Avanti Polar Lipids, Alabaster, AL, USA) was dissolved in chloroform, dried under nitrogen and resuspended in decane (50 mg/ml). The lipid bilayer was painted over the aperture of a 150 mm septum bilayer cuvette (WPI, Sarasota, USA) containing 1 ml of 0.5 M KCl, 10 mM HEPES (pH 7.4) in both the cis-(recording electrode) and trans-(reference electrode) chambers. After bilayer formation, 2 ml of the OM extract ($1.8 mg/ml protein) was added to the cis chamber with continuous stirring. Stirring was terminated when channel activity was detected. YebF was added to a final concentration of 20 ng/ml. Electrical currents were recorded with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA, USA) in capacitive feedback configuration, with Ag/AgCl electrodes linked via salt bridges (2% of Agarose in 1 M KCl). The trans-chamber was set as reference (0 mV). Data were filtered at 50 Hz with a built-in filter, and an analog output signal was digitized at a sampling rate of 1 kHz using an A/D converter (Digidata 1322A, Axon Instruments). The recording cells were placed in a Faraday cage set on a mechanically isolated table to obtain a low-noise recording of single channel currents. All data were recorded at room temperature and carried out under symmetric ionic conditions.
Purification of YebF
YebF was expressed using the pYebFH 6 /T7 construct (Zhang et al., 2006) . Isotopically labeled samples were prepared with E. coli BL21(DE3) grown at 37 C in M9 minimal medium containing 1 g/l 15 N NH 4 Cl and/or 3 g/l 13 C 6 -glucose. At OD 600 > 0.6 the cells were induced with 1mM IPTG and grown overnight at 20 C. Cells were harvested by centrifugation and discarded.
The media was adjusted to pH 7.5 with Tris-base and flowed over a Ni +2 -affinity chelating sepharose column. All subsequent steps were performed at 4 C. After elution YebF (residues 22-118 plus C-terminal his-tag) was purified by gel filtration using an SD75 column (GE Healthcare) equilibrated in 50 mM HEPES (pH 6.5), 100 mM NaCl, 0.1 mM TCEP, and 0.1 mM PMSF. YebF used as controls in YebF variant secretion experiments was produced in the same manner in minimal media but without the addition of isotopically labeled reagents. YebF protein used for deletion mutant secretion assays and pulldown experiments was produced and purified as described previously (Zhang et al., 2006 (Sattler et al., 1999) . Distance restraints were derived from a 100 msec mixing time simultaneous 3D 13 C/ 15 N-edited NOESY-HSQC recorded with a 600 MHz spectrometer at 25 C (Zwahlen et al., 1997) . The NMR data were processed with NMRpipe (Delaglio et al., 1995) and analyzed with Sparky (Goddard, T.D. and Kneller, D.G., Sparky 3, University of San Francisco). The YebF structural ensemble was calculated using CYANA (Gü ntert et al., 1997; Herrmann et al., 2002) and refined in water with CNS (Brü nger et al., 1998; Linge et al., 2003) 
YebF Variant Secretion Assay
Residues in YebF were substituted to alanine by QuikChange mutagenesis (Stratagene, La Jolla, CA, USA) and transformed into BL21(DE3) cells. Cells were grown in M9 minimal media as 3 ml cultures to an OD 600 > 0.4 and protein production induced with 1mM IPTG. Cells were harvested at either 6 or 20 hr postinduction by centrifugation, the media kept and sterile filtered to remove remaining bacteria. For each 1 ml of cells the pellet was lysed by 100 ml of BugBuster (Novagen, Darmstadt, Germany) for 10 min at 25 C. The whole lysate was normalized for total protein concentration. An equivalent ratio was used for the media. The samples were run on a 17% SDS-PAGE gel and transferred to nitrocellulose. YebF was detected by anti-his-tag antibody (Cedarlane, Burlington, ON, Canada) and developed by Immobilon Western Chemilumiescent HRP substrate (Millipore, Billerica, MA, USA). Integration of gel bands was performed with GeneSnap software (Syngene, Frederick, MD, USA) and presented with GraphPad Prism.
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